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ABSTRACT 
We calculate low-frequency Raman scattering from the confined acoustic phonon modes of 
CdS1-xSex nanoparticles embedded in borosilicate glass. The calculation of the Raman 
scattering by acoustic phonons in nanoparticles has been performed by using third-order 
perturbation theory. The deformation potential approximation is used to describe the electron-
phonon interaction. The Raman-Brillouin electronic density and the electron-phonon 
interaction are found to increases with decreasing size of nanoparticle. A good agreement 
between the calculated and reported low-frequency Raman spectra is found.  
Keywords: Phonon Confinement, Low-Frequency Raman Spectra, Electron-Phonon 
Interaction 
PACS number(s): 33.20.Fb, 33.20.Tp, 68.65.Hb  
1Corresponding author: Prafulla K. Jha, prafullaj@yahoo.com 
 
 
 
 2
I. INTRODUCTION  
 Semiconductor nanocrystals of a size comparable to or smaller than the exciton Bohr 
radius in bulk material have attracted considerable attention from the fundamental physics 
viewpoint and from the interest in the applications in functional devices,1-3 because of their 
novel optical properties arising from the discrete electronic energy levels.4-6 To understand the 
optical properties of semiconductor nanocrystals, it is absolutely necessary to consider the zero 
dimensional confinement effects on the electronic states in a system. Raman spectroscopy has 
emerged as a powerful and non-destructive technique for estimating the composition of glass 
embedded nanocrystals6-8 and their size.8-10 The size-quantized acoustic phonon modes were 
observed in the low-frequency Raman scattering, which provides an understanding of electron-
phonon interactions. The low-frequency phonon modes (confined acoustic phonon) of 
nanoparticles bear a unique signature of their structural and mechanical properties besides 
modifying the electronic structure. There exist several studies on low-frequency Raman 
scattering from elastic spherical nanoparticle vibrating with frequencies inversely proportional 
to their size. Thus the question of the significance of phonon confinement in a theoretical 
description of Raman scattering from nanocrystals still remains open. As far as the theoretical 
description of the quantized acoustic vibrations is concerned, they have been mostly done by 
using the well known Lamb’s model.11 This model yields the spheroidal and torsional 
vibrational modes when the Navier equation is solved under the proper boundary condition of 
the particle surface.11-14 The quantized vibrational modes are labeled by the angular momentum 
quantum number l and the harmonic/branch number n. The spheroidal (SPH) l=0, n=0 and l=2, 
n=0 modes are Raman active and are observable in Raman experiment.12 To consider the effect 
of matrix on the nanoparticle vibrations the complex frequency model (CFM)7,13-15 is used 
which results in the frequency shift and damping of modes. This model has the drawback that 
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the displacement fields are not orthonormalized required for the calculation of electron-phonon 
interaction and Raman line shape. To overcome this Murray and Saviot16 proposed a model 
known as core shell model (CSM) to obtain the orthonormalized displacement. In this model 
the particle is considered as core while the matrix as shell and the mean square displacement 
p
u2  of the nanoparticle is obtained as a function of frequency of the nanoparticle vibration.  
Recently we have investigated the low-frequency Raman scattering from CdS1-xSex 
nanocrystals embedded in borosilicate glass arising from confined acoustic phonon.17 In 
addition to the breathing mode (l=0, n=0: SPH) and quadrupolar mode (l=2, n=0: SPH), two 
additional modes are found in the spectra. Based on the ratio of the frequencies of the new 
modes to those of the quadrupolar mode calculated using theoretical approaches, the new 
modes were assigned to first overtone of the quadrupolar mode (l=2, n=1) and l=1, n=0 
torsional mode. The appearance of the forbidden torsional mode12 is attributed to the near-
spherical shape of the nanoparticle found from high-resolution TEM18. To further confirm the 
appearance of torsional mode a detail study of polarized Raman is in progress. Though we 
have been able to predict the Raman shift and calculate the line shape from the mean square 
displacement 
p
u2  using core-shell model, the calculation ignored the electron-phonon 
interaction. The mean square displacement is nothing but the measure of the internal motion of 
the nanoparticle. The Raman spectrum is governed by both 
p
u2 and electron-phonon 
interaction element. Therefore, it is necessary to have theoretical Raman spectra that are 
determined by quantum confinement of electronic states, electron-phonon interaction and 
localized acoustic modes for a meaningful comparison with experimental Raman scattering. 
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 In the present paper, we report the results of the calculation of electron-acoustic phonon 
interaction and Raman-Brillouin electronic density following the approach developed by 
Gupalov and Merkulov19 and Huntizinger et al20 and compare them with the reported 
experimental low-frequency Raman spectra17 for the CdS1-xSex nanocrystals. The present 
calculation is done for the l=0, n=0: SPH mode. Size-quantization of both electron and hole 
states is treated within the envelope wave function approximation.19,20 Deformation potential 
interaction between the confined electronic states and the acoustic vibrations is considered.  
II. THEORETICAL CONSIDERATIONS 
 The Raman intensity, under the framework of theory of resonance Raman scattering is 
calculated by using the third-order perturbation theory and expressed as,19  
                       ( ) 2
/
)(∑
=
∝
ωων
ν
ν
ω heAI ,                                             (1) 
where Aυ is the scattering amplitude from state i with an incident photon ik
r
 to state f  with 
a scattered photon fk
r
 through emission or absorption of a phonon mode ν  with energy νh . In 
the Raman scattering process, both electron and hole states contributing to the electron-phonon 
interaction is to be considered as the intermediate electronic excitation can be either free or 
bounded electron-hole pairs. Moreover, in the strong confinement limit, the size quantized 
electron and hole have identical wave functions, and coupling to polar phonons vanishes. 
Coupling to acoustic phonons occurs through deformation potential and piezoelectric 
interactions. However, we consider only the deformation potential as this is dominant in the 
small size region20 and the electron-phonon Hamiltonian for the deformation potential is 
expressed as,  
 5
    ( )qhehee uDH .)()( ∇=−ν ,                                       (2) 
where )(heD is the conduction (valance) hydrostatic deformation-potential energy and 
)(2 ruu qq νωh=  with ūq(r) as displacement field. The scattering amplitude in Eq. (1) is due 
to both electron and hole contributions and can be expressed as, 19,20 
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where  absemRRR γ
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γ∑=  is a Resonance factor and )()( rheρ  the Raman-Brillouin electronic 
density (RBED) defined as, 
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where  )()( rheαψ  are the envelope wave functions for the electron (hole) part of the state  
α , )()( rheρ  is simply a linear combination of joint local electronic densities 
)()( )(*)( rr hehe αβ ψψ  weighted by the optical resonance factors associated with the photon 
emission and absorption can be written as, ( ) βββ εω
β
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reabs  respectively. Where )(βαE  and )(βαΓ  are the energy and homogeneous 
broadening of the α  and β  states, respectively. In the case of large conduction and valence 
band offsets between the nanoparticle and surrounding medium fi εεω −=h  is the differences 
between incident and scattered photon energies. The RBED is a fundamental quantity for the 
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third order interaction process as all electronic states contributes to it. The RBED is the 
electronic density distribution that emits or absorbs a given vibrational mode through a Raman 
process. The electron and hole envelop wave function can be written as, 19   
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Here, a is the nanoparticle radius, ln,η is the nth zero of the lj  spherical Bessel function and this 
wave function would vanish at the boundary at r=a and ( )φθ ,mlΥ  is normalized spherical 
harmonics.  Therefore by combining all terms the Raman intensity can be written as, 19  
( ) [ ] 22 )()()(, aqMngRaI ωωωωω −∝                                                                         (6) 
In Eq. (6), )(ωg is phonon density of states and
1exp
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−

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Tk
n
B
ωω h , is the phonon 
occupation number with T as temperature of phonon bath and )(1)( ωω −=+ nn  due to overall 
energy conservation. The matrix element factor which determines the electron-phonon 
interaction for the isotropic displacement: l=0 in the calculation of Raman intensity is 
expressed as, 
[ ] )()()( 0)(2 qrjrrdraqM heρω ∫=                                                               (7) 
III. RESULTS AND DISCUSSION 
       Figure 1 presents the low-frequency experimental Raman spectra along with the 
calculated resonance Raman spectra of CdSxSe1-x nanoparticles for two sizes. The Raman 
spectra for two sizes are displayed in two panels. The experimental spectra presented in the 
upper part of the figure show four peaks; two spheroidal modes, one torsional mode against the 
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selection rule and one overtone of quadrupolar (l=2, n=0: SPH) mode. The lower part of the 
figure presents the calculated Raman spectra for l=0, n=0: SPH (breathing mode). The 
simulated spectra are reported only for the l=0 mode as for s-s electronic transition only the 
azimuthal quantum numbers are needed.19 In the calculation of Raman spectra acoustic 
resonances are considered. It is seen from the Fig. 1 that there is a good agreement between the 
measured and simulated Raman spectra for l=0 mode for CdSxSe1-x nanoparticle of both sizes. 
In the case of 4.6 nm CdSxSe1-x nanoparticle the second peak at ~29 cm-1 is the overtone of l=0, 
n=0 mode. The observed blue shift of the Raman peaks with decreasing nanoparticle size is due 
to both electronic and acoustic phonon confinement. The peak frequencies are almost inversely 
proportional to the particle diameter in agreement with the experimental spectra. The overtone 
mode is not plotted in the case of 2.2 nm size nanoparticle. The figure also reveals that the 
width of peak increases with decreasing nanoparticle sizes, which is due to the Raman-Brillouin 
electronic density (RBED) and electron-phonon interaction matrix element expressed in Eq. (4) 
and Eq. (7) respectively. However, in the present calculation, size distribution has not been 
considered which mainly contributes to the inhomogeneous broadening. The homogeneous 
broadening resulting mainly due to smaller size of the particle and its interaction with matrix 
has been well produced by the complex frequency approach. Further, the size distribution for 
the samples is not known. 
 Figure 2 presents the radial density distribution of the RBED inside a nanoparticle. The 
RBED is calculated for the homogeneous broadening Γ’=0.1. In this case the RBED, 
)()( rheρ reduces to the electronic density associated with the first electron and hole states and 
the electronic density of states is discretazied.19 The vibrational mode l=0 may interacts with 
the RBED and are responsible for the symmetric deformation potentials.20 The Fig. 2 depicts 
that the Raman-Brillouin electronic density increases towards the centre of the particle and 
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therefore is responsible for the increases of Raman linewidth observed in Fig. 1. The RBED 
inside a nanoparticle determines the electron-phonon coupling and therefore we have also 
calculated the electron-phonon matrix element. Figure 3 presents the electron-phonon 
interaction matrix element calculated for the Γ’=0.1. It is seen from the figure that the electron-
phonon matrix element i.e the electron-phonon interaction increases with the reduction in size. 
The increase in the electron-phonon matrix element is more rapid below 8 nm. Consequently 
the overall scattering efficiency increases with decreasing CdSxSe1-x nanoparticle size. 
 
IV. CONCLUSION 
 To summarise, low-frequency Raman spectra for l=0 confined acoustic phonon is 
calculated using third-order perturbation theory that takes into account the mean square 
amplitude, electron-phonon interaction and Raman-Brillouin electronic density. Both the 
electron-phonon interaction and the RBED are found to increase with decreasing particle size. 
A good agreement between simulated and experimental Raman spectra is found for pure radial 
vibrational mode i.e. l=0, n=0: spheroidal mode. 
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Figures Caption 
1. Measured and simulated low-frequency Raman spectra of CdSxSe1-x nanoparticle 
embedded in borosilicate glass (a) CdSxSe1-x (r=2.2 nm), (b) CdSxSe1-x (r=4.6 nm). 
Open circles represent the data and full curve is the fitted shape consisting of an 
exponential background and four Lorentzian components. The background and the four 
components are also shown in the figure. The lower panel of the figure presents the 
simulated Raman spectra for l=0, n=0 spheroidal mode. 
2. Radial density distributions (RBED) in CdSxSe1-x nanoparticles of sizes 2.2 and 4.6 nm.  
3. Variation of electron-phonon matrix-element with size of the CdSxSe1-x nanoparticle. 
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  Figure 1 Gupta et al. 
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Figure 2 Gupta et al. 
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Figure 3 Gupta et al. 
 
 
 
 
 
 
 
 
 
 
 
